
JOURNAL OF LATEX CLASS FILES, VOL. 6, NO. 1, JANUARY 2007 1

Implementing a multiplexed system of detectors for
higher photon counting rates

Valentina Schettini, Sergey V. Polyakov, Ivo Pietro Degiovanni, Giorgio Brida, Stefania Castelletto, and Alan
Migdall

Abstract—Photon counting applications are typically limited
by detector deadtime to operate at count rates of a few MHz,
at best, and often at significantly lower levels. This limitation
is becoming more critical with the advance of photon counting
applications such as photon-based quantum information. We
present a first experimental proof of principle and review the
theoretical foundation of a multiplexed detection scheme that
allows photons to be counted at higher rates than is possible
with individual detectors or simple detector trees. In addition to
this deadtime improvement, we discuss the impact of this scheme
on other relevant characteristics such as afterpulsing anddark
count rates.

Index Terms—photon counting, multiplexing, InGaAs single
photon avalanche detector, parametric down-conversion, fast
fiber switch.

I. I NTRODUCTION

QUANTUM communication and quantum computation
applications place difficult design requirements on the

manipulation and processing of single photons [1], [2]. Quan-
tum cryptography [3] would particularly benefit from im-
proved detectors, as that application in the form of Quantum
Key Distribution (QKD), is often constrained by detector
characteristics such as detection efficiency (DE), dark count
rate, timing jitter, and deadtime [4]. Because of demands for
higher-rate secret key production, the quantum information
community is presently engaged in efforts aimed at improving
QKD, including reducing detector deadtime [5]. Moreover,
with the exponential growth in multimode parametric down-
conversion (PDC) photon pair production rates [6] that are now
in the range of2 · 106 s−1 and the more recent development
of χ(3) single-mode fiber-based sources with pair rates [7],
[8] up to 107 s−1, the need is clear for faster photon-
counting detection. In typical single photon detectors presently
available, either commercial or prototype, the deadtimes range
from ≈50 ns for actively quenched single photon avalanche
detectors (SPADs), to≈10 µs for passively quenched SPADs,
although even actively quenched SPADs sometimes employ
µs deadtimes to avoid excessive afterpulsing rates. In addition
to the absolute limits imposed by these effects, in practice
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detectors are often limited to small fractions of these rates to
≈1 MHz or much less to avoid undesirable systematic effects
associated with high deadtime fractions. This is particularly
the case for infrared SPADs, which are especially prone to
high afterpulsing. Additional motivation for improved photon
counters are traditional low light detection applicationssuch
as medical diagnosis, and bioluminescence, chemical, and
material analyses, where high speed and time resolution are
also required [9], [10], [11], [12].

We have previously introduced a scheme to improve detec-
tion rate limits by taking a pool of photon-counting detectors
and operating them as a unit [13]. We now implement a simple
prototype system. The general scheme consists of a 1-by-N
optical switch that takes a single input stream of photons and
distributes them to members of an array ofN detectors. A
switch controller monitors which detectors have fired recently
and are thus dead, and then routes subsequent incoming pulses
to a detector that is ready. We have previously shown that this
scheme allows a system ofN detectors to be operated at a
significantly higher detection rate thanN times the detection
rate of an individual detector, while maintaining the same Dead
Time Fraction (DTF).

The system’s switching operation could be sequential with
each detector firing in order, or it could be set up to direct
the input to any live detector. Ultimately the scheme could
be implemented to allow for optimum use of an array of
detectors where each detector may have a different deadtime,
dark count rate, and/or afterpulsing probability. In addition,
optical switch loss and switching time may also be included
in the optimization. For example, a system using a switch
with a significant latency time (perhaps due to long processing
times to determine if a detector has fired) might benefit from
operation in a mode where, for a pulsed source, the input is
switched to another live detector regardless of whether the
previous detector fired. This would reduce the effect of the
long latency as long as there is a high likelihood of there
being at least one available live detector.

Our original analysis quantified the advantage of the scheme
for the ideal case of a multiplexed system with zero switch
transition time [13]. Our subsequent effort [14] includingthe
effect of a nonzero switch time, showed that for switch times
as high as10% of the individual detector deadtimes, there was
still significant advantage to be gained with this scheme. (We
also note that the finite switch time model coincides with our
previous calculations in the limit of switching time negligible
compared to the single detector deadtime, as it should.)

The main focus of this paper is an experimental verification
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Fig. 1. A pool of detectors and a fast optical switch are used to register a high
rate of incoming photons. Incoming photons are switched to aready detector.
If it fires, the detector is switched out of the ready pool until recovery. If it
does not fire, that detector remains ready.

of a theoretical finding that the controlled arrangement of
multiple detectors yields a significant improvement of DTF,
and other characteristics of a photon counting apparatus. We
present the experimental comparative study of performanceof
various detector arrangements with one or two detectors. We
show experimentally that the most advantageous scheme to
reduce DTF and increase photon count rates, along with the
added bonus of improving the signal to background ratio and
reducing afterpulsing, is the active switching arrangement that
uses an external logic control circuit that remembers the order
in which the detectors fired.

II. T HEORY

A. Analytical modeling

Our analytical calculations have been previously presented,
so here we only briefly describe key definitions and results
[13], [14]. The DTF of a generic photon counting detector is
defined as the ratio of the lost count rate over the total count
rate in the absence of deadtime:

DTF =
λ − λregistered

λ
= 1 −

1

1 + λTd
, (1)

whereλregistered is the count rate registered by a real detector,
λ is the count rate of an idealized detector with no deadtime
(assuming Poissonian count statistics),Td is the individual
detector deadtime, andT � Td is the measurement time.

To generalize this definition to a system ofN detectors, we
introduce an overall or “effective” deadtimeTd(N) with the
DTF of the system being:

DTF = 1 −
1

1 + λTd(N)
. (2)

To simply highlight the advantage of anN -detector system,
we compare its DTF to what could be achieved by a single
detector with a deadtime reduced by a factor of1/N . For
such an improved single detector, DTF=1 − 1/(1 + λTd/N).
This is the same result that would be obtained by an array of
N detectors with deadtimeTd and random switching such as
may be implemented with a tree arrangement of beam splitters
[15], [16], [17].

We now calculateTd(N). Because in the scheme here the
optical switch only switches photons to a new detector after
a registered count, the effective deadtime can be given by
statistically combining the effects of switching time,Ts and
the single detector deadtime,Td, governed by two cases- either
a) N events are counted in a time interval bigger thanTd−Ts

(i.e. one event for each detector), or b) they occur in a time
interval less thanTd − Ts. In the second case, the photon is
switched to a dead detector adding an additional delay to the
optical switching time. Following our previous work [13], we
write the effective deadtime forN detectors as

Td(N) = pa,N(Td(N))Ts + pb,N(Td(N))(Td − Eb,N (Td(N))),
(3)

where

pa,N(Td(N)) =

∫ +∞

Td−Ts

fN(∆t, Td(N))d∆t, (4)

and

pb,N(Td(N)) =

∫ Td−Ts

0

fN(∆t, Td(N))d∆t, (5)

are the probabilities that case (a) or (b) occurs for
fN(∆t, Td(N)), the probability density distribution of the time
interval ∆t, between a count and the(N − 1)th preceding
one. We indicate the dependence of the above probabilities on
Td(N), with

Eb,N (Td(N)) =

∫ Td−Ts

0
∆tfN (∆t, Td(N))d∆t

∫ Td−Ts

0
fN(∆t, Td(N))d∆t

, (6)

which is the mean time interval between a count and the(N−

1)th preceding one when case (b) occurs. For a poissonian
process where events are counted with an overall deadtime of
fixed lengthTd(N), fN(∆t, Td(N)) is given by [18]

fN (∆t, Td(N)) =
λN−1[∆t − (N − 1)Td(N)]

N−2

(N − 2)!
(7)

× e−λ[∆t−(N−1)Ts]θ[∆t − (N − 1)Td(N)],

which is a modified Gamma function, andθ is the Heaviside
step function withθ(x) = 1 for x > 0 and 0 otherwise. In our
previous work [13] where the switching time was neglected, an
explicit formula for the effective deadtime was possible. Due
to added complexities related to the non-negligible switching
times, an analytical formula exists only forN = 2 detectors:

Td(2) =
Td

2
−

1 + 2 W
[

(2 Ts−Td)λ−1
2

]

2 λ
, (8)

whereW is the principal value of the LambertW -function
[19]. For more detectors we must use numerical methods.
This theoretical approach is also in excellent agreement with
Monte-Carlo simulation results [14].

B. Modeling results

The analysis above allows a comparison of multiple detector
arrangements with realistic deadtimes and switching times
(Fig. 2). We have assumedTd = 10 µs, which is implemented
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Fig. 2. DTF of multiplexed SPAD systems (a) DTF as a function of incident
photon rate for actively switched systems with up to 4 detectors for Ts =

0.01Td and 0.1Td; (b) comparing actively switched assemblies withTs =

0.01Td to detector trees shows higher photon rates can be reached ata given
DTF.

in the experiment. It is clear from Fig. 2(a) that the smaller
the fraction of time needed to switch the detectors, the lower
the DTF achievable at the same rate of incident photons.
In particular, we compare the case when the characteristic
switching timeTs = 0.01Td (which is readily achievable with
fast, albeit lossy, available commercial optical switches) to a
more modest switching time ofTs = 0.1Td that allows for
slower switches that can have significantly lower loss. Clearly,
longer switching time results in lower incident photon rates for
a given DTF value, and this effect becomes more evident when
more detectors are used in the assembly [14].

Theory predicts that an actively multiplexed arrangement
compares favorably to a detector tree configuration, for real-
istic ratios between deadtime and switching time, Fig. 2(b).
We see that a multiplexed SPAD arrangement dramatically
lowers DTF and that improvement increases with the number
of detectors used.

While the model here only deals with the DTF improve-
ment, it is important to note other advantages of active
multiplexing. The most significant advantage is reduction in
afterpulse counts, because the SPAD is switched off immedi-
ately after it detects a photon, and is not switched on until
all other detectors detect one photon each. Therefore, the
probability of a set ofN detectors to register an afterpulse
is much less than that of one detector. At the same time, the
rate of dark counts is expected to be equal to a mean of dark
count rates of all detectors used rather than the sum of the
rates, because at all times only the output of the one active
detector is recorded.

C. Modeling the experimental system

For our heralded photon test system the experimental value
of DTF is calculated as DTF= 1 − λgate/λheralding, where
λheralding is the rate of heralding counts, andλgate is the rate
of those heralding counts that are accepted by our multiplexed
detection system and result in a gate pulse. DTF is calculated
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Fig. 3. (a) Setup for testing different arrangements of InGaAs SPAD
assemblies; (b) three different InGaAs SPAD assemblies; (c) schematic of
electronic logic to actively control InGaAs assemblies andphoton routing.

this way becauseλgate is a readily available measure of herald-
ing counts accepted by the detector system (the gate counts
sent to our detection system). We have assumed Poissonian
behavior of our heralded single-photon source.

These experimental data are compared to theoretical values.
In general, the theoretical formula used for the estimationof
the DTF is

DTF = λregisteredTd + (λgate − λregistered)T0, (9)

whereλregistered is now the overall rate of counts registered
by our specific detection system andT0 is the time interval
during which our detection system is busy after a gate pulse
is received. (Note: it is important to distinguish the two rates,
λregistered and λgate, because not all the pulses produced
by the detector used for gating yield a herald pulse, as the
electronic logic circuit may be busy. Note also that as opposed
to Td, which is the deadtime of the detector after it registers
a count,T0 is the deadtime of the detector electronics when
it does not register a count.) We estimatedT0 ' 220 ns. The
first term of the formula corresponds to our original theoretical
model, while the second term accounts for the previously
unconsidered effect ofT0. When our detection system is just
one detectorTd = Td (5 or 10µs), while for the detector tree
Td = Td/2. For the system where the SPADs are controlled by
the external logic circuit, we evaluateTd numerically using Eq.
(8), whereTs ' 130 ns, andλ, the count rate in the absence
of deadtime, is evaluated asλregistered/(1 − λregisteredTd).

III. E XPERIMENT

A. Experimental Setup

We chose to test the deadtime reduction scheme with an
InGaAs detector which typically requires long deadtimes after
firing to avoid excessive afterpulsing. The long deadtimes
(≈10 µs) ease the engineering involved in switching the
optical channel in a time short relative to the deadtime. For
these tests we produced correlated photons at 810 nm and
1550 nm (Fig. 3a) by pumping a 5 mm long periodically poled
MgO-doped lithium niobate (PPLN) crystal with a continuous
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wave laser at 532 nm [20]. The visible photons are used to
herald the IR photon’s arrival at the InGaAs detector. We used
noncritical phase-matching (90◦ phase-matching angle) with a
7.36µm poling period to satisfy phase matching conditions for
photon pairs at external angles of 1◦ (for 810 nm photons) and
2◦ (for 1550 nm photons). We fine tuned the phasematching
angles by adjusting the crystal temperature near 131◦C. Lens
Lp focused the pump beam in the PPLN crystal; cutoff filter
FC blocked the pump laser; and dichroic mirror DM separated
the 810 nm (beam 1) and 1550 nm (beam 2) photons. An
extra interference filter (F1) at 810 nm with a full width half-
maximum (FWHM) of 10 nm further suppressed fluorescence
from the PPLN crystal reducing background heralding counts.
L1,2 were aspheric coupling lenses with 8 mm focal lengths,
antireflection-coated for 810 nm and 1550 nm. The single-
mode fiber (SMF) collection geometry (with the crystal to L1

distance of 27 cm) restricted the heralding bandwidth to≈2
nm FWHM [20]. The distance between the crystal and L2

was 20 cm, with a spectral filter F2 with a 30 nm pass band
FWHM installed in the path. The heralding arm was routed
to a SMF and then to D1, a Si SPAD, while the heralded arm
also coupled to a SMF, was sent to an InGaAs SPAD assembly.
The InGaAs assemblies were operated in gated mode with gate
pulses provided by photodetection events of D1. Both optical
and electronic delays of the heralded arm were adjusted with
appropriate length SMF and electronic cables.

The following InGaAs SPAD assembles were tested (Fig.
3b): (i) a single InGaAs SPAD (ii) a pair of InGaAs detectors
in a tree configuration, connected to the PDC source via a
fiber beam splitter (FBS), and (iii) a pair of InGaAs detectors
actively controlled by external logic [13]. The logic block
was designed to trigger only one of the two detectors at a
time and to change which detector is triggered once the first
one registered a count. This algorithm not only decreases the
deadtime fraction, but also improves the signal to noise ratio,
and dramatically reduces afterpulsing. The same logic block
can operate a fast optical switch to route a photon to an active
detector. The schematic of the logic block is shown in Fig.
3c. The main logic element is an asynchronous set-reset flip-
flop. Its state represents which detector fired most recently.
Therefore, trigger pulses from a Si SPAD are only routed
to the detector which has had more time to recover. A fast
optical switch with a sub-ns response time is controlled in
a similar manner. The actual switching time is determined
by the switching time of electronics, which was equal to 1
ns. Because the switch’s resistance is 40Ω and requires≈5
V to switch the output, one needs to limit the duration of
the voltage applied to avoid thermal effects. Therefore, we
gated the switch control voltage synchronously with the Si
SPAD trigger pulse. The electronic delays, together with logic
primitives, are arranged so that the active detector can register
one count and only one count, with the output(s) of the other
detector(s) being blocked.

B. Experimental Results

Our experiment compares the DTF as a function of the
trigger detector rate (proportional to the incident photonrate)
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Fig. 4. (a) DTF as a function of trigger detector count rate (λheralding) for
each detector system configuration. Measured (solid points) and calculated
(open points connected by lines to guide the eye) deadtime fractions are
shown. All configurations used 10µs deadtime detectors except the one
indicated with deadtime reduced by half. (b) same as in (a), except plotted
versus the count rate of InGaAs arrangements.

for the three detector configurations just discussed. To clearly
illustrate the effects of these different configurations onthe
DTF, the deadtimes of the individual InGaAs detectors were
kept constant at 10µs. Further, for comparison purposes,
overall detection efficiencies of all the InGaAs arrangements
were kept equal (to within 7% relative variation) by intro-
ducing appropriate attenuation to the heralded arm’s fiber
channel. Because of limitations of our PDC photon source,
we could not experimentally measure the DTF for trigger
photon rates of> 106 Hz. However, based on the theoretical
treatment above, the most dramatic difference between the
curves is expected at trigger rates< 106 Hz. Experimental
results and the corresponding theoretical values are presented
in Fig. 4. Note that the calculated DTFs, based on Eqs. (8,
9), used only experimentally determined parameters (i.e. no
free fit parameters were used). We see that a single InGaAs
detector exhibits the largest DTF, and it increases with trigger
detector rate, in agreement with the theoretical predictions.
We see that the DTF achieved by the tree consisting of two
InGaAs detectors is lower than the DTF of a single InGaAs
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detector with the same deadtime. While we might expect
that the DTF of the tree would be equal to the DTF of a
single detector withhalf the deadtime, in practice the tree
performance is slightly worse. This is because the two InGaAs
detectors differ in their detection efficiencies and afterpulsing
probabilities. In addition, for the tree arrangement the system
dark count and afterpulse rates are the sum of the individual
rates. This suggests that in arrangements withN > 2 detectors,
the controlled triggering arrangement offers opportunities for
additional advantages over the simple tree arrangement, with
respect to detection efficiency, afterpulse probability, and dark
count rates. Finally, the arrangement with a pair of detectors
controlled by external logic has the lowest DTF, because only
the output of the detector which has the best chance to be
“alive” is recorded. To highlight the advantage of the multi-
plexed scheme two experimental data sets are presented. One
with a beamsplitter acting as passive switch (and introducing
50% loss) and one with an active optical switch. Note that
the optical loss in the previous arrangements was matched
to the passive switched arrangement so the passive switch
DTF results are directly comparable to a single detector anda
detector tree. In a separate experiment, we showed that active
routing of a photon to the detector that is expected to be alive
increases the overall DE, while keeping the DTF low.

To demonstrate the advantage and the feasibility of active
routing of photons, we made a series of DE measurements at
different trigger detector rates using the logic module with a
beam splitter versus an active switch and observed a(28±3)%
increase in DE, while ideal lossless active photon routing
would have resulted in a 100% increase. This rather moderate
DE increase is due to relatively high insertion loss of our
switch (≈ 2 dB) rather than any other switch or control
circuit nonidealities. Obviously, the DE of the system can
be improved by using less lossy fast switches. The DTF
for the active switching case is also shown in Fig. 4a. We
see that the DTF for an active switching scheme changes
insignificantly, compared to a “passive switch” case. However,
strictly speaking, it can not be compared directly to any other
configurations shown in Fig. 4a, because its DE is different
from all the other InGaAs arrangements.

We note that using the logic circuit to activate only one
detector improves the signal to background ratio as com-
pared to the detector tree arrangement or even compared
to a single detector with half the deadtime. We gauged the
signal to background improvement relative to the detector
tree for cases of passive and active switching. The passive
scheme improvement was1.83±0.05, while the active scheme
improvement was2.0±0.1. We also gauged the improvement
of our switching schemes to a single detector with a deadtime
reduced by half and found improvement factors of1.3 ± 0.1
and1.4±0.2, for the two cases respectively. It is also evident
from our experiments that the afterpulsing peak is significantly
reduced with the controlled switch system, because in most
cases after registering a count the detectors remain off for
much longer times than their individual deadtime.

Fig. 4b shows that the observed decrease in DTF at a fixed
trigger count rate allows operation at higher registered count
rates, while maintaining the same value of DTF. Indeed, we

see that the registered count rate of the single detector with
10µs deadtime is 4.2 kHz for a DTF of 0.1. A detector tree
yields a 6.7 kHz count rate at this DTF. Finally, with the
controlled switch configuration, the registered count ratecan
be increased to 9.9 kHz for the same DTF value. As discussed,
this comparison is made for the detector arrangements after
equalizing their DEs to ensure equivalent conditions. Notethat
in this case (Fig. 4b) the DTF values for a tree arrangement
fall lower than the DTF values for a single detector with half
the deadtime, when plotted against the registered count rate,
while the situation is reversed when plotted against the trigger
count rate (Fig. 4a). The reason for this effect is that in our
experiment we recorded the sum of the two detectors outputs
in a tree configuration, i.e. both detectors could fire during
the same trigger cycle, and both detections would be recorded
by our electronics, thus this increase of the raw count rate
for the same DTF is only due to an increase in background
counts which consist of real photon detections (due to multiple
photons emitted with a detector gate time), as well as dark
counts, after pulses, etc.. This behavior is evident at higher
rates, when the rate of raw counts for a tree arrangement is
significantly higher than that for all the other arrangements,
while the trigger count rate was kept approximately equal for
all arrangements tested.

IV. CONCLUSION

We have presented a proof of principle experiment showing
that a pool ofN detectors with controlled switching exhibits
lower DTF as compared to passive arrangements, and there-
fore can be operated at much higher incident photon rates
than is otherwise possible, either with an array of detectors
with a passive switch system such as might be implemented
with by a tree of beamsplitters or a single detector with
much reduced deadtime. We see that in addition to higher
count rates, characteristics important for detection of single-
photons such as signal to background ratio and afterpulsing
favor actively controllable switch systems. We conclude that
because parameters such as DE, dark count rate, and afterpulse
probability can vary from one detector to the next, it may be
possible to design the active switching to minimize the overall
noise and maximize the overall signal by using the worst
detectors as rarely as possible. Overall this optimizationcan
be a complicated procedure involving not just the numerous
characteristics of the numerous detectors, but also the optical
switch characteristics, as well as the requirements of the par-
ticular photon counting application. This effort, while beyond
the scope of this paper, should be pursued in developing this
technique.
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